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Abstract 
 
Constant Rate Thermal Analysis (CRTA) procedure has been employed for the first time to 
study the kinetics of MgH2 dehydrogenation by thermogravimetry under high vacuum. CRTA 
implies controlling the temperature in such a way that the decomposition rate is maintained 
constant all over the process, employing the mass change as the experimental signal 
proportional to the reaction rate. The CRTA curves present a higher resolution power to 
discriminate the kinetic model obeyed by the reaction in comparison with conventional heating 
rate curves. The Combined Kinetic Analysis has been applied to obtain the kinetic parameters, 
which show that MgH2 decomposition under high vacuum obeys first-order kinetics (F1). It has 
been proposed that the dehydrogenation of MgH2 under high vacuum takes place by 
instantaneous nucleation in the border line of the bidimensional crystallites followed by the 
growth of the nuclei. 
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1. Introduction 
 
Solid-state hydrides, including metal, intermetallic and complex hydrides present the highest 
volumetric capacities of hydrogen storage, and have recently attracted interest for thermal 
energy storage applications.1-6 Among all the solid-state hydrides, Mg-based is the most studied 
family, due to the large hydrogen content of MgH2 (7.6 mass%), the high hydrogenation-
dehydrogenation enthalpy and the ample abundance of magnesium in earth.7-11 Nevertheless, the 
kinetic and thermodynamic properties of Mg-based materials present several issues that have to 
be overcome for its use in practical applications. Magnesium needs temperatures above 573 K 
to absorb hydrogen, the dehydrogenation temperature of MgH2 is even higher because of its 
high thermodynamic stability, and finally, MgH2 presents a high reactivity towards air and 
oxygen.3, 7, 12-13 Desorption temperature has been reduced and the hydrogenation-
dehydrogenation reactions have been fasten by mechanical milling and alloying, doping with 
catalytic additives and employing cycles of hydrogenation-dehydrogenation.11, 14-19  However, 
the mechanism and kinetic parameters of these reactions, which are of the most interest for 
practical applications, have been less thoroughly studied. 
Thermogravimetry is one of the most used techniques to study the kinetics of absorption and 
desorption of hydrogen from Mg related compounds.20-23 Authors normally employ 
conventional constant heating rate or isothermal experiments to collect the data. However, it has 
been demonstrated that constant rate thermal analysis (CRTA) presents a higher resolution 
power for the discrimination of the kinetic model followed by solid state reactions, because the 
shape of CRTA curves is related to the kinetic model.24-25 Moreover, it has been shown that 
CRTA allows minimizing the influence of both heat and mass transfer phenomena in solid state 
processes and, therefore, the experimental curves are representative of the reactions to be 
studied. For these reasons, it has been used for the kinetic study of different types of solid-state 
processes.26-28  
CRTA implies controlling the temperature in such a way that the decomposition rate is 
maintained constant all over the process at a value previously selected by the user, employing an 
experimental signal proportional to the reaction rate or reaction fraction as control parameter.29-
30 The objective of this work is the application of the CRTA methodology for the first time to 
study the dehydrogenation kinetics of MgH2 in conditions far from equilibrium. The combined 
kinetic analysis procedure will be used to obtain the kinetic parameters.  
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2. Experimental 
 
Magnesium hydride was purchased from Aldrich, product number 683043. The samples were 
studied as received, no activation procedures were carried out to avoid possible modification of 
the samples.  
A CI Electronic thermobalance with a sensitivity of 2×10-7 g and a low thermal inertia furnace 
were used to perform the experiments. The instrument is connected to a high-vacuum system 
composed of a rotary and a turbomolecular pump which can reduce the pressure to ~5 × 10-5 
mbar.24 The system was outgassed overnight at room temperature to reach a steady-state. The 
sample size was ~70 mg. The powders were weighted inside a glove-box and the instrument 
opened to place the samples and then immediately closed. Experiments were carried out in 
conventional linear heating rate conditions, at 2.5 K min-1 and in CRTA conditions, at reactions 
rates of 10-3 min-1 and 3× 10-3 min-1, respectively. The CRTA control system is constituted by a 
Eurotherm programmer that received the analog output of the thermocouple and controls the 
temperature of the sample placed in the thermobalance, at the heating rate previously selected. 
A second programmer was employed for programming the profile of the analog output supplied 
by the thermobalance (the sample mass) as a function of the time. Thus, the control of the 
reaction rate is achieved by connecting the control relay of the second programmer to the digital 
input of the temperature programmer. CRTA control is carried out in such a way that the 
temperature increases if the output signal is higher than the programmed setpoing and decreases 
if it is lower that the setpoint.31 The reacted fraction or conversion, α, has been expressed with 
respect to the mass change using the equation: 
 
																																						ߙ ൌ 	 ߱଴ െ 	߱߱଴ െ ߱௙ 																																													ሺ1ሻ 
 
where 0 is the initial mass, f the final mass and  the sample mass at an instant time t. The 
reaction rate is obtained differentiating the reacted fraction with respect to the time. 
Temperature dependent X-ray diffraction patterns were recorded in vacuum in a Philips X’Pert 
Pro diffractometer equipped with a high temperature Anton Par camera working at 45 kV and 
40 mA, using CuKα radiation and equipped with an X’Celerator detector and a graphite 
diffracted beam monochromator. 
The microstructure of the starting MgH2 sample was analyzed by scanning electron microscopy 
(SEM) and high-resolution transmission electron microscopy (HRTEM). SEM micrographs 
were taken in a Hitachi S-4800 microscope, while HRTEM measurements were carried out 
using a 300 kV JEOL JEM 300 UHR electron microscope with a LaB6 electron source. 
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3. Theoretical 
 
The kinetic analysis has been carried out from the following general kinetic equation: 
 
																																									݀ߙ݀ݐ ൌ ܣ݁
ିா
ோ்݂ሺߙሻ																																						ሺ2ሻ 
 
where dα/dt is the reaction rate, A is the preexponential factor of Arrhenius, E is the activation 
energy, T is the absolute temperature and f(α) is a function representing the kinetic model 
obeyed by the reaction. If the α-T (or α-t) plot is obtained at a constant decomposition rate (C = 
dα/dt), equation (2) can be rearranged, after taking logarithms, in the form: 
 
																																						െ ln ݂ሺߙሻ ൌ lnܣܥ െ
ܧ
ܴܶ																															ሺ3ሻ 
 
It has been previously shown that CRTA permits to discriminate the kinetic model obeyed by 
the reaction from the analysis of a single α-T plot, which is not possible if this plot is obtained 
from conventional rising temperature experiments.32-33 Figure 1 presents α-T curves simulated 
using the Runge-Kutta method and different kinetic models. Values of the activation energy of 
150 kJ mol-1 and the pre-exponential factor of 5×1015 min-1 were employed for the simulation, 
and a constant reaction rate of 2×10-3 min-1. It is clear in the figure that the shape of the CRTA 
curves is different for each kinetic model. Thus, for reactions controlled by random nucleation 
and nuclei growth (like A2) the α-T profile presents an initial increase in temperature and then it 
backs on itself until reaching a value of the reacted fraction at with the rise in temperature is 
resumed.  
 
 
 
 
 
 
 
 
 
 
Figure 1. Reacted fraction versus temperature curves simulated for four kinetic models considering 
CRTA conditions (reaction rate of 2×10-3 min-1) and the following kinetic parameters: E = 150 kJ mol-1 
and A = 5×1015 min-1. 
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On the other hand, the α-T profiles for interphase boundary controlled reactions (like F1 and 
R3) are concave, and have a sigmoidal shape for reactions controlled by diffusion (like D3). 
Thus, the shape of the α-T plots permits to have an idea of the kinetic model obeyed by the 
process before performing any numerical analysis. 
The plot of the left hand side of equation (3) as a function of 1/T leads to a straight line, whose 
slope leads to the activation energy and the intercept to the preexponential factor of the 
Arrhenius expression of the process, only in the case that the proper f(α) function were selected, 
except if the kinetic model were represented by the function f(α) = (1- α)n (i.e. R2, R3 and F1 
models, frequently referred as “n order” reactions). In such a case, equation (3) becomes: 
 
																																						ln 11 െ ߙ ൌ
1
݊ ln
ܣ
ܥ െ
ܧ
ܴ݊ܶ																															ሺ4ሻ 
 
and E and n cannot be simultaneously determined from a single experiment unless one of these 
two parameters were known from other source.32 
The combined kinetic analysis methodology allows determining the kinetic parameters without 
any assumptions regarding the kinetic model, which overcomes the problem of selecting a 
model from a list.34-35 The combined kinetic analysis determine the kinetic model by comparison 
of the shape of the resulting f(α) function with those of the ideal models, and therefore can be 
applied for studying real systems that could not be directly fitted with ideal models due, for 
example, to broad particle size distribution or heterogeneities in the samples. This method is 
based on taking logarithms to the general kinetic equation (2). Rearranging terms in equation (2) 
and considering f(α) as the Sestak-Berggren equation (݂ሺߙሻ ൌ ܿ	ሺ1 െ ߙሻ௡ߙ௠), the following 
expression is obtained: 
 
																											݈݊ ൤ ݀ߙ/݀ݐሺ1 െ ߙሻ௡ߙ௠൨ ൌ lnሺܿܣሻ െ
ܧ
ܴܶ																						ሺ5ሻ 
 
This is a differential expression that does not require any integration of the kinetic equation that 
could provide some errors in the resulting kinetic parameters.36-38 The entire set of experimental 
data (T, α and dα/dt) corresponding to different temperature schedules are substituted into 
equation 5 and the left-hand side of the equation versus the inverse of temperature is plotted. 
The values of the parameters n and m that provide the best linearity to the straight line obtained 
are determined by and optimization procedure. Then, the values of E and cA can be calculated 
from the slope and the intercept, respectively. 
The main advantage of using the Sestak-Berggren equation is that is able to fit all the ideal 
kinetic models proposed in the literature including its deviations. Thus, the use of this equation 
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does not limit the kinetic analysis to ideal models, and from the values of n and m the 
discrimination of the kinetic model is carried out using master plots.34 
 
 
4. Results and discussion 
 
Figure 2 presents XRD patterns of MgH2 recorded under rotary pump vacuum (~10-3 mbar) as a 
function of temperature (from 306 K to 567 K), in intervals of 9 K on stepwise heating, and in 
the 2θ range from 25° to 50°. As received sample at room temperature (306 K) is composed 
mainly by MgH2, with small reflections corresponding to metallic Mg. It is stablished in a 
literature review that during the synthesis of bulk micron sized particles a shell of magnesium 
hydride is formed that prevents the hydrogenation of the remaining metal core.1 For this reason, 
these micron sized particles generally contain an inner core with unreacted magnesium in the 
range of 5-10%.1 Moreover, even samples of magnesium hydride powders used for structural 
characterization have a core of unreacted magnesium.39 It is therefore reasonable to consider 
that the small amount of Mg present in the sample corresponds to unreacted metal and is not 
coming from the partial decomposition of MgH2 during its storage. Thus, for the kinetic 
calculations, we consider that α = 0 for the starting sample and α = 1 for the dehydrogenated 
material. The XRD patterns from room temperature to ~459 K are essentially identical, 
indicating no reaction in this temperature range. From this temperature, the intensity of the 
MgH2 peaks decreases steadily, while the intensity of the Mg peaks increases in the temperature 
range 459-567 K. Thus, under these vacuum conditions (~10-3 mbar) the decomposition of 
MgH2 starts at about 465 K.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. XRD patterns of MgH2 recorded in vacuum (~10-3 mbar) as a function of temperature, from 306 
K to 567 K. 
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Figure 3 shows the reacted fraction, temperature and reaction rate as a function of time obtained 
for the thermal decomposition of MgH2, registered at a constant decomposition rate of 10-3 of 
reacted fraction per minute and under vacuum at ~5 × 10-5 mbar. The temperature rises until 
reaching the desired decomposition rate, and then the programmers force the instrument to 
change the temperature in such a way that the reacted fraction fits a straight line as a function of 
time. Therefore, the temperature follows a profile that depends on the kinetic model obeyed by 
the reaction.24  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Experimental reacted fraction, temperature and reaction rate against time plots obtained for the 
thermal dehydrogenation of MgH2 in CRTA conditions, at a reaction rate of 10-3 min-1. 
 
 
 
Figure 4 presents the α-T curves obtained from the thermogravimetric curves registered at ~5 × 
10-5 mbar in CRTA conditions (at 10-3 min-1 and 3× 10-3 min-1) and in linear heating rate 
conditions (at 2.5 K min-1). The shapes displayed by the CRTA plots are characteristic of n 
order reactions.25, 33, 40  
The curve registered under linear heating rate presents the characteristic sigmoidal shape that 
would be obtained whatever would be the kinetic model really obeyed by the reaction, and 
therefore it is not possible to discern the kinetic mechanism from the shape of this curve. 
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Figure 4. Experimental curves (dotted lines) corresponding to the thermal dehydrogenation of MgH2 at ~5 
× 10-5 mbar registered under CRTA conditions (at 10-3 min-1 and 3×10-3 min-1) and in linear heating rate 
conditions (at 2.5 K min-1). Solid lines represent the curves reconstructed assuming the kinetic parameters 
calculated by the combined analysis method. Residuals are plotted underneath the plots. 
 
 
In order to determine the kinetic parameters associated to the thermal dehydrogenation of 
MgH2, i.e. activation energy, preexponential factor and kinetic model, the combined kinetic 
analysis was applied simultaneously to the three curves presented in Figure 4. Thus, the values 
of (dα/dt)/(1-α)nαm determined as a function of the temperature from these curves were 
substituted into equation (5) and the left-hand side of the equation versus the inverse of 
temperature was plotted (Figure 5a).  
The optimization procedure described in the theoretical section was applied, in such a way that 
the experimental curves are fitted simultaneously into a straight line (with correlation coefficient 
r2 = 0.996) when n and m take the values of 0.939 and 0.040 respectively. From the slope of the 
plot, the apparent activation energy of the process is 108 ± 6 kJ mol-1 and from the intercept, the 
preexponential factor is cA = 2.3×1010 min-1. The equation obtained from the analysis, f(α) = (1-
α)0.939 α0.04, is very similar to that of an ideal first-order (F1) kinetics, i.e. f(α) = (1-α), which 
suggests that the reaction obeys this kinetic model. This is agreement with the shape of the 
CRTA curves, which predicted n order kinetic mechanism. It is important to remark the high 
resolution power of CRTA for the discrimination between kinetic models of solid state 
reactions, as stated in the Theoretical section. The use of the CRTA procedure is not limited to 
first order reactions, but it can be employed independently of the kinetic model followed by the 
reaction, and for this reason has been used to study the kinetics of thermal decomposition of 
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different materials.25, 41-44 Moreover, this method has been successfully employed for the kinetic 
analysis of complex solid state reactions with overlapping processes, such as the thermal 
dehydroclorination of poly(vinyl chloride) and the quantitative characterization of 
multicomponent polymers.27, 45 
The proposed kinetic mechanism was further checked by comparing the calculated f(α) with the 
most used conversion functions in literature,46 which are normalized at α = 0.5 to better 
distinguish between the different models (Figure 5b). As expected, the curve is similar to the 
theoretical curve corresponding to first-order kinetics, with a small deviation at low α values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Combined kinetic analysis plot of the CRTA curves and the linear heating rate curve 
presented in Figure 4. (b) Comparison of the f(α) functions (lines) normalized at α = 0.5 corresponding to 
ideal kinetic models with the f(α) function resulting from the combined analysis of MgH2 
dehydrogenation. 
 
 
The interpretation of the kinetic mechanism is supported by the morphology of the commercial 
sample of MgH2. The MgH2 particles are planar shaped as shown by the SEM micrographs in 
Figure 6, and two populations of particle sizes seem to be present, one large and other small, 
which statistically correspond to a log-normal distribution, in agreement with samples 
summarized in ref. [1].  
Figure 7 presents TEM micrographs of a small particle. The low resolution micrograph of the 
particle reveals that it presents a planar shape similar to that observed by SEM. Moreover, the 
particle is an aggregate composed of grains with an average size higher than 100 nm. The high 
 11 
 
resolution micrograph shows that the particle is constituted by elongated crystals welded in a 
mosaic structure. From the measurement of the lattice fringe spacing via a Fast Fourier 
Transform (FFT) of the HTREM image, the interplanar spacing of 0.251 nm was detected, 
corresponding to the (101) plane, as indicated in the figure.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Scanning electron micrographs of particles of the starting MgH2 sample recorded at two 
magnifications: (a) ×500 and (b) ×1000. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Transmission electron micrographs of a starting MgH2 particle. (a) Low resolution micrograph 
and (b) High resolution micrograph. 
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The F1 kinetic model obtained from the kinetic analysis can be explained assuming that the 
process takes place by the formation and growth of nuclei (Avrami-Erofeev kinetic model), with 
an Avrami coefficient equal to 1 (A1), that gives an identical equation to that of first order. 
Thus, the dehydrogenation of MgH2 would be explained by assuming that the reaction takes 
place through a mechanism that implies instantaneous nucleation followed by a growth of nuclei 
by diffusion in two directions.47-48 The nucleation would take place in the border line of the 
crystallites and the magnesium particles would growth by diffusion into the bidimensional 
crystallites. Other alternative explanation would be possible if we take into account the broad 
log-normal distribution of the particle size of the starting sample (Figure 6), because it was 
shown in a previous paper that the reactions controlled by the advance of the interphase (R2 or 
R3 kinetic models) move to F1 kinetic model as far as the particle size distribution is 
broadened.49 
Different authors have correlated the morphology of MgH2 samples with their dehydrogenation 
properties. For example, the effect of mechanical milling on the structural and morphological 
characteristics of MgH2 has been extensively studied and associated with the hydrogen 
desorption temperature.11, 50-53 The average particle size of the powders is reduced due to the 
milling process, and it is observed that desorption temperatures decrease when the powder 
particle size reaches some threshold value.50 Moreover, when the smallest particle size and the 
highest specific surface area are achieved, a minimum hydrogen temperature is also obtained.52 
Other authors have prepared nanofibrous MgH2 by means of hydriding chemical vapor 
deposition.54 Interestingly, the material reversibly absorbed and desorbed 7.6 mass% of 
hydrogen without any activation treatment, retaining the fiber shape. The same method has also 
been used to prepare submicron MgH2 powders with needle-like and angulated plate shapes 
with reduced particle size, resulting in a decrease of the desorption temperature.55 The thermal 
hydrogenolysis method has been employed to prepare MgH2 with different morphologies.56 
Thus, as the synthesis medium evolved from inert atmosphere of argon to hydrogen pressure, 
the morphology changed from rod like to small particles, with sizes in the range of 25-170 nm. 
Hydrogen release took place at fast desorption rates. 
The kinetic parameters obtained from the combined kinetic analysis were tested simulating the 
CRTA curves and the curve registered at 2.5 K min-1 heating rate, assuming such kinetic 
parameters. The simulations were carried out by numerical integration of the general kinetic 
equation and using fourth-order numerical integration Runge−Kutta method. It is clear in Figure 
4 that the simulated and experimental curves almost perfectly match, which is confirmed with 
the low values obtained for the residuals, plotted underneath the figure. This result validates the 
kinetic parameters obtained by the combined kinetic analysis. The value obtained for the 
activation energy (108 ± 6 kJ mol-1) is in the same range of that reported by other authors for 
MgH2 samples with a similar morphology, that are ranging from 100 kJ mol-1 to 170 kJ mol-1.1, 
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51, 57-60 However, it must be remarked that a careful control of the hydrogen pressure in the close 
vicinity of the sample was not carried out in the previous works. Moreover, in many cases the 
kinetics was studied in a Sievert-type apparatus without considering the influence of hydrogen 
pressure in the overall decomposition, but the dehydrogenation of MgH2 is a reversible reaction. 
On the other hand, the activation energies were calculated by previously assuming a given 
kinetic model, and it has been shown that the value of this parameter might strongly depend on 
the kinetic model previously assumed.34, 61-62 The results here reported have been obtained under 
high vacuum in order to assure that the dehydrogenation of magnesium hydride is taking place 
very far from equilibrium and thus the activation energy obtained is representative of the 
forward reaction. Besides, the kinetic parameters have been obtained without any previous 
assumption of the kinetic model obeyed by the reaction. 
 
 
5. Conclusions 
 
Constant rate thermal analysis procedure has been applied to the thermal dehydrogenation of 
MgH2 under high vacuum for the first time. The higher resolution power of the CRTA curves 
for discriminating the kinetic model obeyed by the reaction has been proven in comparison with 
conventional heating rate curves. The combined kinetic analysis, which allows calculating the 
kinetic parameters without any assumption about the kinetic model followed by the reaction, 
has been applied to the curves registered under CRTA conditions together with a curve 
registered under linear heating rate conditions, and the validity of the kinetic parameters 
obtained has been checked comparing the experimental curves with simulated curves. The 
thermal dehydrogenation of MgH2 under high vacuum follows first-order kinetics (F1) with 
activation energy of 108 kJ mol-1. These results have been interpreted taking into account the 
planar morphology of the starting MgH2 particles and crystallites, according to SEM and TEM 
micrographs. Thus, in high vacuum, the dehydrogenation of MgH2 would take place through 
instantaneous nucleation in the border line of the crystallites followed by growth of the 
magnesium particles by diffusion into the bidimensional crystallites. An alternative explanation 
of the kinetic mechanism, based on the broad particle size distribution of the MgH2 particles, 
would be also plausible. 
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